& Context Identifying the traits of exotic species may explain their invasiveness and help control the negative impacts of these species on native ecosystems. In this study, we investigated root competition as an important driver for the competitiveness of two exotic tree species in the seedling stage.
Introduction
In natural ecosystems, nutrients and other resources that are needed for tree growth, regeneration, and reproduction are usually limited. According to Goldberg (1990) , a species is competitive if it combines two attributes: (1) being effective in acquiring resources to maintain its own fitness, i.e., reducing resource availability of competitors while increasing the own biomass, and (2) keeping growth and survival as high as possible if resource availability decreases. For both strategies, plasticity in biomass allocation is essential. Besides the effects of ontogeny, i.e., plant size, biomass allocation is therefore to a considerable amount driven by resource availability (Schall et al. 2012) . As suggested by the balanced growth hypothesis (Shipley and Meziane 2002) , under restricted resource availability, plants increase the efficiency in resource uptake and/or allocate more biomass to those compartments, which are involved in the acquisition of the primarily limiting resource. Numerous studies showed an effect of aboveground (shoot) competition on biomass partitioning (e.g., Horn 1971; Nilsson and Albrektson 1993; Feng et al. 2007 ). In case of strong shading, plants allocate more biomass to the aboveground organs, especially to the leaves, in order to maximize photosynthesis (van Hees 1997; Ammer 2003; Hofmann and Ammer 2008) . Although belowground (root) competition is as important as aboveground interactions (Wilson 1988; Casper and Jackson 1997; Cahill 2003) , there is less information on how tree species change biomass allocation patterns in response to belowground competition (Haase 2009 ). However, according to the balanced growth hypothesis, biomass will be allocated to the roots if nutrients or water becomes the limiting factor for growth (e.g., Ibrahim et al. 1998; Bloor et al. 2008; Kleczewski et al. 2012) . By changing biomass allocation patterns, plants therefore respond to changes in resource availability, which may be interpreted as an adaptation to stress (e.g., Shipley and Meziane 2002; Delagrange et al. 2004; Curt et al. 2005 ). According to Weiner (2004) , plasticity in biomass allocation is important for plant survival, e.g., under competitive situations. In environments of low soil water or nutrient availability, the proportion of root biomass may therefore be treated as a measure of competition pressure from neighboring plants (Aerts et al. 1991; Cahill 2003; Bloor et al. 2008) .
In many ecosystems, invasive exotic species are able to alter the environmental conditions such as the nutrient and hydrologic cycle (Mack et al. 2000) and may negatively affect the abundance or survival of native species due to a higher biomass production (e.g., Morrison and Mauck 2007; Pyšek and Richardson 2008; Lamarque et al. 2011 ). The high biomass production in the early stages, indicating a strong competitiveness in the regeneration phase, leads to resource depletion, hampering the growth of neighboring plants.
The two North American tree species black cherry (Prunus serotina Ehrh.) and black locust (Robinia pseudoacacia L.) have managed to successfully spread throughout Europe. Both species are among the 18 most invasive terrestrial plant species (DAISIE Project 2009). They are considered to be under the most aggressive exotic tree species in European forests and are regarded as strong competitors of native tree species (e.g., Kleinbauer et al. 2010; Vanhellemont et al. 2010) . P. serotina was one of the first North American tree species that was introduced to Europe (Starfinger et al. 2003) . It is able to alter biodiversity if it occurs in monospecific stands that impede native tree regeneration (Closset-Kopp et al. 2007 ). Due to its ability to fix nitrogen, R. pseudoacacia especially is a threat for the identity and integrity of nutrientpoor sites where it can change soil conditions and alter species compositions (Rice et al. 2004; Motta et al. 2009; Annighöfer et al. 2012 ). On several sites in Europe, P. serotina and R. pseudoacacia negatively affect the regeneration of cooccurring native species. An example is the low abundance of Quercus robur L. and Carpinus betulus L. in North Italian floodplain forests (Annighöfer et al. 2012; Terwei et al. 2013) . In Central Europe, Q. robur is one of the most frequent deciduous forest tree species. It has a high demand for light and is not able to successfully compete with species casting deep shade. C. betulus is a late successional, shade-tolerant species and is often associated with Q. robur in QuercoCarpinetum forests that can be found on the most fertile soils in temperate Europe (Ellenberg 1988) .
Actually, in a pot experiment containing mixtures of exotic P. serotina and R. pseudoacacia and the two native species Q. robur and C. betulus, strongly changed biomass production was observed ). In the regarding experiment, the competition and growth response of the four species in monocultures and mixtures were studied under controlled conditions. Whereas biomass production of the species in different inter-and intraspecific competitive situations was the main focus of a previous article , biomass allocation pattern is addressed in the present study. We tested the following hypotheses: (1) competition by exotic P. serotina and R. pseudoacacia on native Q. robur and C. betulus under open field conditions is much stronger than that of intraspecific or inter-native interference and (2) the proportion of root biomass of a seedling increases with increasing root competition intensity.
Methods

Experimental setup
A controlled pot experiment was conducted under outdoors conditions in Göttingen, Germany (see also Kawaletz et al. 2013 ). The experimental site was located at 170 m above sea level. The climate is temperate with an average annual precipitation of 644.9 mm and most of the rain falling in June (81.3 mm). The average monthly temperature ranges from 4.8 to 13°C, with a mean annual temperature of about 8.7°C (Wetterstation Göttingen 2013) .
Four tree species were used for the pot experiment: pedunculate oak (Q. robur) and hornbeam (C. betulus) were chosen as native species; black cherry (P. serotina ) and black locust (R. pseudoacacia) represented the exotic species in the experiment. The seedlings of each tree species were obtained from a nursery in Germany (Münchehof, Lower Saxony) to minimize transport-induced damages. In spring 2010, the 1-year-old seedlings were planted in pots with a volume of 65 l (diameter, 54 cm; height, 33 cm). Prior to planting, each pot was filled with 5 cm coarse gravel to ensure drainage and with fertilized potting soil (Einheitserde-und Humuswerke, Gebr. Patzer GmbH & Co. KG, Sinntal-Jossa/Germany, type Eurohum CRH). The potting soil was used to ensure homogeneous substrate and nutrient conditions in every pot. The potting soil was coarsely structured and mainly contained peat and humus with a small fraction of sand and clay. The fertilizer content within the soil was 140 mg/l for nitrogen and phosphor and 200 mg/l for potassium. The tree seedlings were watered as needed, with all pots receiving the same amount of water. Excess water drained through holes in the bottom of the pots. During winter, the pots were arranged close to each other and embedded in foliar litter to prevent frost damage to the roots. All pots were placed randomly on the area to avoid edge effects, i.e., differences in light and temperature conditions, etc. The distance between the pots was 1 m, which ensured sufficient light supply for each plant. The plants were examined during two growing periods, beginning in April 2010 and ending in October 2011. Since Q. robur is a shade-intolerant species and we did not want to reduce its competiveness by shade, the study was carried out under full light. The growing conditions for all individuals and all species were similar.
Four seedlings were planted per pot and arranged in ten different species mixtures, of which four were monocultures and six were species mixtures. Every mixture consisted of not more than two species. The following six mixtures were used: (1) Q. robur with C. betulus, (2) R. pseudoacacia with P. serotina, (3) Q. robur with R. pseudoacacia, (4) Q. robur with P. serotina, (5) C. betulus with R. pseudoacacia, and (6) C. betulus with P. serotina. There were 36 replicates for the monoculture pots and 60 replicates for each of the six species mixtures. Pots with dead seedlings had to be excluded from further analyses since even only one dead plant per pot would have changed the competitive situation compared to those pots containing four plants. Mortality reduced the number of pots from 504 to 201 (see number of individuals per treatment in Table 1 ).
Competition treatments
A modified "divided pot technique" was used to study the different effects of belowground (root) and aboveground (shoot) competition (Donald 1958; McPhee and Aarssen 2001) . The pots were assigned to either root competition, shoot competition, or full competition (i.e., root and shoot competition) treatment. Pots without competition (no competition treatment) were excluded from the analysis because of insufficient data due to high mortality. The different competition treatments were achieved by installing aboveground and belowground partitions allowing only root or shoot competition, respectively. The above-and belowground partitions were made of white rigid PVC sheets since white aboveground partitions reflected the sunlight and thus leveled the light conditions on all four sections of the pot. However, in our experiment, shoot competition had no significant effect on tree growth within a mixture type (data not shown). We therefore pooled the two treatments in which the seedlings were exposed to root competition (i.e., root and full competition) and compared them with the treatment without root competition (i.e., shoot competition treatment). Therefore, "root competition" (RC) was contrasted with "no root competition" (nRC).
Measurements
Seedling diameter (3 cm above ground) and height were measured for all seedlings at the start of the experiment and after two vegetation periods to calculate relative increment. To ensure an identical measuring point for each individual in every measuring campaign, the position was marked in 2010. At the end of the experiment, all pots with four living plants were harvested, resulting in a total of n =804 trees, of which n =246 were Q. robur, n =240 were C. betulus, n =188 were R. pseudoacacia, and n =130 were P. serotina seedlings ( Table 1 ). The biomass of every tree seedling was assigned to stems, branches, roots, and leaves. The dry weight with an accuracy of 0.001 g was determined separately after drying all biomass compartments for 3 days at 70°C in a temperaturecontrolled oven until a constant weight was achieved.
Data analysis
All statistical tests and the preparation of graphs were performed using the free software environment R (R Development Core Team 2012). To avoid pseudoreplication, data were analyzed on the species level, i.e., data were averaged for the individuals of a given species per pot. Additionally, we performed a variance component analysis to ensure that pot effects can be excluded.
The Shapiro-Wilk normality test was used to analyze data distribution. To assess homoscedasticity, we used Levene's test. If data showed a normal distribution and if the variances were homogenous, we used an analysis of variance (ANOVA) and Tukey's range test to find significant differences between groups. If data could not be assumed to be normally distributed and/or did not show homoscedasticity, we used the Kruskal-Wallis test and applied pairwise comparisons with the Wilcoxon rank sum test. All tests comparing groups were two-sided.
To show how competition intensity changed over time in the different species mixtures, we calculated Lorimer's competition index for all trees of a pot (Lorimer 1983 ).
where n is the number of competitors (in our case, n =3), d j is the diameter of the competitor j (in millimeters), and d i is the diameter of the target tree i (in millimeters) at a given time (in our case, start and end of the experiment). The competition index was averaged per species and pot. The effect of factor levels (i.e., different species mixtures) on the biomass allocation to plant compartments were analyzed for both competition treatments individually using ANCOVA with tree size as covariate (model: factor+tree size) since plant biomass allocation is size-dependent (Schall et al. 2012) . Differences between factor levels were determined using Tukey's HSD test for linear models (R package multcomp: P <0.05). The effect of experimental factors on the relationship between root and total biomass was analyzed using linear models also taking the interaction of factor levels and size (total biomass) into account. The minimal adequate model was determined using the backward model simplification method (P <0.05; Crawley 2007). 3 Results
Mortality
The mortality rate was significantly higher for P. serotina (45 %) and R. pseudoacacia (24 %) than for Q. robur (13 %) and C. betulus (10 %; χ 2 test: P <0.001). However, there were neither significant differences between the competition treatments nor between the species mixtures (data not shown). The majority of all dead tree seedlings died during the first few weeks after planting.
Relative increment in seedling diameter and height
The relative increment in seedling diameter and height differed considerably between all species after two vegetation periods (Table 1 ). In general, relative diameter increment averaged for all species mixtures and competition treatments was lowest for Q. robur (1.06), followed by C. betulus (2.27) and R. pseudoacacia (2.79), and was significantly highest for P. serotina (4.98). Interestingly, the mean relative height increment of P. serotina was considerably lower compared to C. betulus and R. pseudoacacia. For both native species, the relative increment in diameter and height were significantly lower in mixtures with one of the exotic species than in monocultures or mixtures with each other. The relative increments in the diameter and height of R. pseudoacacia and P. serotina were higher if mixed with one of the native species than in monocultures. The highest final diameters were reached by P. serotina in a mixture with one of the native species (24.96 mm averaged for both competition treatments; data not shown). Mean stem height was highest for R. pseudoacacia when growing together with one of the native species (155.81 cm). In contrast, Q. robur had the lowest averaged diameter and height when mixed with R. pseudoacacia or P. serotina (diameter, 8.34 mm; height, 37.19 cm). For C. betulus, but not for Q. robur, the relative increments in diameter and height were higher in the nRC treatment when root competition with one of the exotic species was excluded (Table 1) .
Competition intensity
Competition intensity, as calculated using Lorimer's competition index, did not differ significantly between the four species at the start of the experiment. In comparison with C. betulus and P. serotina, the initial tree dimensions were higher for Q. robur and R. pseudoacacia, thus leading to a lower Lorimer's competition index (Fig. 1) . However, at the end of the experiment, it was about twice as high for Q. robur and C. betulus compared to R. pseudoacacia and P. serotina. Both exotic species exerted the strongest competitive pressure on both native species. For Q. robur, the mean Lorimer's competition index was significantly higher in a mixture with P. serotina (8.36) than with R. pseudoacacia (6.73). For C. betulus, there was no significant difference when growing with R. pseudoacacia or P. serotina. For both exotic species, competition intensity was significantly higher in monoculture or in a mixture with the other exotic Fig. 1 Bar plots show Lorimer's competition index at the start (April 2010) and at the end (October 2011) of the pot experiment (averaged for each species per pot). Data are given for the different tree species in monoculture and species mixtures averaged for the two competition treatments (RC and nRC). Asterisks show the significant differences between start and end of the experiment for each species mixture (ANOVA: ***P <0.001, **P <0.01, *P <0.05; n.s. not significant). Different letters above each bar indicate significant differences between species mixtures at the start (small letters) and at the end (capital letters) of the experiment (ANOVA: P <0.05) ab species compared to the mixtures with one of the native species at the end of the experiment. A significant effect of the competition treatment (RC and nRC) could only be found for native species in mixtures with one of the exotic species. In these cases, Lorimer's competition index was higher in the RC than in the nRC treatment. However, for most species combinations, there were no significant differences between the two competition treatments. Therefore, both competition treatments were pooled to simplify Fig. 1 .
Biomass partitioning
Independent of the applied competition treatment (RC and nRC), the strong competition pressure of both exotic species reduced the biomass of Q. robur and C. betulus due to the significantly higher biomasses of R. pseudoacacia and P. serotina (Table 2 ). All biomass compartments of P. serotina were highest in the mixture with Q. robur. In addition to the mixture effect, the influence of belowground competition (RC) led to a further biomass reduction for the native species in the mixture with P. serotina and R. pseudoacacia (Table 2 and Fig. 2, RC) .
The proportions of the four biomass compartments differed between monocultures and species mixtures (Table 2 ). For Q. robur, biomass reduction of all compartments except for branch biomass was highest in the mixture with P. serotina , whereas R. pseudoacacia had the strongest negative effect on all biomass compartments of C. betulus. On average, for both native species, absolute biomass reduction was approximately 10 % higher for the aboveground compartments than for the roots. For Q. robur, the strongest reduction was found for leaf biomass, which was reduced by 83 % in the mixture with P. serotina. Branch biomass of C. betulus was reduced most strongly in both mixtures with exotic species (−79 % if mixed with R. pseudoacacia and −64 % if mixed with P. serotina , respectively). For P. serotina, the biomass of all compartments was higher in combination with Q. robur compared to mixtures with R. pseudoacacia . The biomass increment of R. pseudoacacia was higher for the roots than for the aboveground compartments, whereas for P. serotina it was the other way around. Q. robur had a most beneficial effect on the leaf (59 %) and branch biomass (58 %) of P. serotina . When growing together in one pot, both exotic species influenced each other negatively. On the one hand, R. pseudoacacia slightly reduced the branch and root biomass of P. serotina (reductions of 39 and 33 %, respectively) in comparison with monocultures of P. serotina . On the other hand, if mixed with P. serotina , R. pseudoacacia showed reduced stem and branch biomass (reductions of 5 and 4 %, respectively).
Biomass partitioning was influenced by tree size, but not for all compartments (Table 3) . Mixture type and competition treatment were found to affect biomass allocation as well (Fig. 2 and Tables 2 and 3 ). In the RC treatment, biomass partitioning between above-and belowground components was affected by mixture for all species (Fig. 2, RC ). Both native species had a higher proportion of root biomass when exposed to interspecific root competition with R. pseudoacacia and P. serotina (Table 3) . Accordingly, the averaged root-to-shoot ratio for both competition treatments of Q. robur was higher in the mixture with one of the exotic species (1.32 and 1.38 in the mixture with R. pseudoacacia and P. serotina , respectively) compared to monoculture (0.98) or if mixed with C. betulus (0.98; Table 2 ). In the RC treatment, the proportion of root biomass of R. pseudoacacia was highest in the mixture with P. serotina , but compared to monoculture, it did not change significantly in the mixture with C. betulus and Q. robur (Fig. 2 , RC, and Table 3 ). Biomass allocation to the roots of P. serotina was highest in the mixture with R. pseudoacacia and-in contrast to all other specieswhen exposed to intraspecific competition and lowest in the mixture with Q. robur (Fig. 2, RC) . In contrast to the RC treatment, a higher biomass allocation toward the roots as a function of species mixture was not found for the nRC treatment, except for Q. robur (Fig. 2, nRC) .
Corresponding to the higher proportion of root biomass, the relative proportions of the leaf and branch biomass of Q. robur and C. betulus were lower in the mixture with exotic species than in monocultures or in the mixture with the other native species (Table 3) . The proportions of the stem biomasses showed no significant difference between the species combinations. 
Discussion
Exotic species are strong competitors in the seedling phase
Our results revealed that R. pseudoacacia and P. serotina exerted a high competitive pressure on the two native species (Fig. 1) . Besides, the mean relative increment in diameter was highest for P. serotina, whereas R. pseudoacacia had the highest mean increment in height (Table 1) . Based on the significantly higher growth rates of the two exotic species, the mixture with one of these species resulted in a substantial biomass reduction and altered biomass partitioning of native Regression lines represent the minimal adequate models derived through simplification (P <0.05 for backward steps) from linear models with interaction of species mixture as the experimental factor (root biomass= factor+total biomass+factor×total biomass). Only significant regression lines are shown to simplify the figure Q. robur and C. betulus (Table 2) . Furthermore, our results showed that root competition (RC treatment) had an additional negative effect on the biomass production of both native species ( Fig. 2 and Table 2 ). In the RC treatment, R. pseudoacacia and P. serotina occupied most of the available rooting capacity of the pot in mixtures of native and exotic species. By occupying the rooting space that theoretically "belongs" to the less competitive native species, the exotic species most likely had access to additional resources, whereas the resource availability for Q. robur and C. betulus was restricted.
The high competitiveness and predominance of R. pseudoacacia and P. serotina in the pot experiment could be explained by their life history traits. Both exotic species are typical early successional species characterized by a rapid growth rate under open field conditions, especially in the seedling stage like in our study (e.g., von Holle et al. 2006; Closset-Kopp et al. 2007) . The ability to rapidly deplete a resource turns the exotic species of this study into successful competitors that suppress co-occurring species (e.g., Motta et al. 2009; Closset-Kopp et al. 2011). 4.2 Allocation to root biomass as a sign for competitive stress One of the most important factors determining the belowground competitiveness of plants is the occupation of soil space (Casper and Jackson 1997) . In the pot experiment, both native species in our experiment allocated relatively more biomass to the roots when growing together with one of the exotic species in the RC treatment (Fig. 2, RC, and Table 3 ). The exotic species had a significantly higher absolute root biomass than Q. robur and C. betulus, and correspondingly, they were most likely able to take up a higher amount of nutrients. This could have led to a nutrient deficiency for the co-occurring native species. Hence, the shift in biomass allocation of Q. robur and C. betulus toward a higher proportion of root biomass could be a reaction to limited belowground resource availability, as suggested in the balanced growth hypothesis (Shipley and Meziane 2002) . The higher proportion of root biomass of the two native species was achieved at the expense of reduced leaf and branch biomass ( Table 3 ). The interaction of water transport and photosynthesis supports the greater investment into roots. Dry conditions do not only favor a reduction in leaf biomass to lower the transpiration rate but simultaneously lead to an increase in root biomass to absorb a higher amount of water (McCarthy and Enquist 2007; Schall et al. 2012 ). Oliver and Larson (1990) asserted that the allocation of photosynthates to the different biomass compartments proceeds in an order of priorities related to the competitive situation of a tree. In the case of root competition, a greater allocation to the roots is achieved at the expense of a reduced allocation to the leaves and/or the stem (Coomes and Grubb 2000; Murphy and Dudley 2007; Closset-Kopp et al. 2011) . That way, plants are able to create a balance between carbon fixation by leaves and nutrient and/or water acquisition by roots (Shipley and Meziane 2002) . In contrast to the native species, the response of the exotic species to belowground competition was less distinct due to their stronger competitiveness. Nevertheless, R. pseudoacacia allocated more biomass to the roots when growing together with the competitive P. serotina . These findings may be explained by the second way plants respond to environmental stress, as suggested by the balanced growth hypothesis: not just allocating biomass to the organs acquiring the most limiting resource but increasing uptake efficiency. Actually, the finding that P. serotina in monoculture and in mixture and R. pseudoacacia in monoculture, though exposed to high competition, had not started changing biomass allocation pattern yet suggests improved resource uptake efficiency. This hypothesis should be investigated in a future experiment. It seems as if the competition by the neighboring plants was not yet strong enough in these mixture types to already initiate changes in biomass allocation.
Implications for future work on the invasiveness of exotic tree species
In order to test the in situ and long-term success of the four species of this study, a factorial experiment, e. g., by exposing planted seedlings in pure and mixed groups to a gradient of canopy openings and/or different soil moisture levels (for instance by trenching), would be needed. However, some beneficial traits of early successional pioneer species are achieved at the expense of other plant attributes (Martin et al. 2010) , which might be important under natural conditions. In the Ticino valley for example, flooding occurs quite frequently. In another experiment where we exposed Q. robur and P. serotina seedlings to flooding and drought and analyzed volatile organic compound emissions, we found that Q. robur seedlings appeared to tolerate flood much better than P. serotina seedlings (Bourtsoukidis et al. 2013 ). However, the high tolerance of Q. robur seedlings to alterations in soil moisture will only lead to a competitive advantage if light availability is high enough not only to survive but to grow, which may not always be the case under a dense canopy of the exotic species. In contrast to Q. robur, C. betulus seedlings, a shade-tolerant species, might be competitive enough to successfully grow in the canopy of the two exotic species.
